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FOREWORD 

This is the report on work carried out during the period of 23 
June 1969 to 23 December 1969 by Plasmadyne, a division of Geotel, 
Inc. , on Phase 111 of "Exploratory Electromagnetic Thruster Research,' * 
Contract NAS 1-9297, originating in the Plasma Physics Division, 
Langley Research Center, Hampton, Virginia, under the direction of 
James M. Hoell. 

Adriano C. Ducati was the Principal Investigator in charge of 
the work. Robert G. Jahn collaborated as a consultant, Rene' Bregozzo 
participated in the conduction of the experiments, and Willis  Stoner con- 
tributed to the preparation of this report. 
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TRODUCTION 

This report describes work performed for evaluating the performance of MPD arc  
jets operating in the quasi-steady mode. This type of operation is obtained by running the 
thruster at a high power level for a pulse period of the order of one millisecond; a period 
which is short enough to avoid the major problems associated with continuous high power 
operation, but long enough that steady state operating conditions appear to be attained dur- 
ing most of the pulse duration. The system consists of a thruster, a pulse generating net- 
work, a method for starting the arc,  and a method for  providing the proper flow of propel- 
lant during the pulse. Strong interest has recently developed in this type of thruster because 
the possibility exists of realizing the performance advantages of high power operation with- 
out the need for a space power system capable of continuous operation at high power levels, 
and without encountering the heating problems and life problems associated with continuous 
high power operation. Performance at high power levels is believed to be more attractive 
because self-field effects become predominant at high a rc  current levels, and because vis- 
cous losses and heat transfer losses become a smaller fraction of the total power input at 
high power density. 

In addition, operation in short pulses may permit more meaningful test  results to 
be obtained. One of the problems in evaluating the performance of continuously running 
MPD thrusters has been that the contribution to thrust caused by the entrainment and accel- 
eration of ambient gas has not yet been accurately determined. With a pulsed thruster, it 
is possible to thoroughly evacuate the test chamber before initiating the pulse so that actual 
space conditions a r e  more closely simulated. Furthermore, there is the possibility of 
making certain probe measurements in the plume that would be impractical with steady 
operation. These include velocities obtained by the double probe method, and the use of 
probes that would overheat in a continuous plume. There are, of course, also measure- 
ments (such as the propellant flow rate) that a re  more difficult to make with pulsed opera- 
tion. The quasi-steady work is expected to supplement rather than replace results obtained 
from continuously operating thrusters in improving our understanding of MPD thruster 
performance e 

Work on the development of a propellant feed system has focused on the use of solid 
and liquid propellants. These materials can be attractive because of their good storability; 
and, with some solid materials, it may be feasible to use rods or  sleeves of propellant as 
electrodes o r  insulating components that are continuously renewed by feeding to offset the 
rate of erosion. Such an arrangement is expected to result in long thruster life. Another 
possibility is that waste materials or discardable spacecraft hardware can be utilized for 
propellant if satisfactory performance can be demonstrated. It is believed that thrusters 
operating in the self-field regime give performance that is less critical to the choice of 
propellant than would be the case with a purely thermal acceleration device. 

The work reported here is concerned primarily with setting up an initial engine sys- 
tem and with developing techniques for measuring performance with quasi-steady operation. 



-1. itial Considerations 

he two major considerations i 
are the preparation and tran 

the properly synchronized injection of ses into the acceler- 
ator. The choice of technique for accomplishment of either of these depends heavily on 
just those temporal characteristics of 
cycle, etc. -- whose effects on thruster performance it is desired to assess, and hence 
some intuition and versatility are needed at the outset, road constraints on t 
characteristics can be imposed on the basis of certain experience with single- 
ments, and of reasonable limitations on the overall 

repetitive-pulse laboratory 
red current pulse train, and 

e pulse train -- its rise time, pulse len 

wer  system. For example, from 
single-pulse experiments over the range of 4000 to f40,OOQ A it is found (1.1 

a. 
before proper quasi-steady operation ensues, given roughly by $ (sec) a 
1/2 J (amp). To insure that quasi-steady operation prevails over most of 
the pulse, one might thus require a pulse length at least one order of mag- 
nitude longer, s ay  tJ 2 5/J. 

For any given pulse amplitude, ere is an inception time, tq9 

b. Once quasi-steady operation is achieved, the accelerator consumes 
power at a rate 
very nearly constant at a value between 0.005 and 0.010 ohm, depending 
mainly on the accelerator size. 

= V J = J2 Z where the accelerator impedance, Z, is 

c. 
time, 

Pulse rise times need not be shorter than the quasi-steady inception 

To these may be added certain constraints on behalf of the overall power system, for 
example: 

d. The mean power consum ion is limited by the particular primary 

where 6 is the duty cycle fraction and Q the transfer efficiency. 

e power conditi ing system, which will reside mainly 
in the electrical storage units need 
that of the primary es nearly lin- 

e formation, should not exceed 

, at a few hundredths of a kilogram y with the requi 



per joule, and the latter with ,mean power at some hundredths of a kilogram 
per watt. 

Manipulation of such relations leads to various duty cycle -- pulse length -- arc current 
domains reasonable for exploratory quasi-steady thruster operation at given mean power 
levels, such as shown in Figure 1. 

Over most of the pulse length-duty cycle domain indicated by such calculations, the 
most convenient and versatile power source for laboratory experiments is the lumped- 
element transmission line or  so-called "LC ladder network, )' composed of a succession 
of n identical sections, each consisting of a shunt capacitance, C1, and a series induct- 
ance, L1, (Figure 2). (29 3, One end of this line is connected to the accelerator via a se- 
ries inductance of about one-half the single section value, and the other end to a charging 
supply capable of returning the iine voltage to the desired value, Vo, at the desired repe- 
titon rate. Values of the line parameters, n , L1, C1, and Vo, are based on optimiza- 
tion of several interlocked considerations: 

1. The characteristic impedance of the line, ZL, should be close to that 
of the quasi-steady discharge, Za, to maximize the electrical energy trans- 
fer and to avoid ringing o r  overdamping of the pulse waveform: 

where L and C denote the total inductance and capacitance deployed in the 
line. 

2. 
pulse length: 

The two-way transmission time of the line must equate to the desired 

3. 
the desired pulse current through the accelerator: 

The capacitors must withstand the charging voltage necessary to drive 

4. 
nections must be substantially smaller than the single section inductance if 
the configuration is to discharge as a line: 

The self-inductance of the individual capacitors and their terminal con- 

3 



lo6 I I I I I I I I I I I I I I ' <  

5 -  Ps = IO KW - 
Z, = 0.005 
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Figure 1. Typical Domain of Current Pulse Profiles of Interest to Quasi-Steady Propulsion 

Figure 2. Electrical Schematic of Quasi-Steady Experiment 
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5. 
suffer an "L/R droop": 

The resistance of the inductors must be very small o r  the pulse will 

6. 
a tolerable level. This is an involved function of all line parameters, but 
typically dictates at least five, and preferably ten or  more sections; say 

The number of sections must be sufficient to keep the pulse ripple below 

7. 
particular experimental application. This factor becomes particularly im- 
portant when the power source is to be mounted inside a vacuum chamber o r  
on a thrust stand. 

The physical size and mass of the line assembly must be tolerable in the 

It is difficult to generalize the results of the multi-dimensional trade-off implicit 
in the above list over the broad domain of possible operation outlined in Figure 1, but cer- 
tain characteristics of the facility can be defined. Because the accelerator impedance is 
relatively fixed in the milli-ohm range, the available pulse length is essentially propor- 
tional to the total capacitance deployed (2), and the total inductance is then fixed if the line 
is to be matched to the accelerator (1). Note that if this match prevails, the total charge 
stored in the line can be equated to that passing through the accelerator in one pulse, and 
the total stored energy to that delivered to the accelerator: 

so that the line voltage is fixed by the desired pulse current: 

To illustrate with a particular example, consider the operation of a 0.005 ohm accelerator 
with 0.001 sec pulses of 20,000 A, a condition fairly central to the J - tJ domain of Fig- 
ure 1. Relation (2) immediately demands a total capacitance of 100,000 pfd, and (1) calls 
for a total inductance of 2.5 x lom6 H. Relation (9) indicates the line should be charged to 
200 v. 

This tendency to large capacitance and relatively low voltage is characteristic of 
the quasi-steady accelerator application because of its inherently low impedance and the 
time scale of interest. Even with a 20-section line, the required single-section capacitance 
in the above example would be 5000 pfd, which raises nontrivial questions of the mass, 
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size, convenience and cost of the complete configuration. On the other hand, the single- 
section inductors, 1.25 x lo-' H each, can be readily provided from a few turns of very 
heavy conductor. 

If one of the above factors precludes assembly of the requisite large total capaci- 
tance, the J - tJ regime of interest can be reached only with a mismatched line, i. e. , 
one whose characteristic impedance is larger than the accelerator load. Various options 
then can be considered: 

a. 
sired match. For the pulse parameters considered here this would probably 
require a unit whose mass, bulk and cost a re  comparable with that of the 
total capacitance needed for a directly matched line. 

Couple the line to the accelerator via a transformer to achieve the de- 

b. 
the line. Clearly, a major portion of the line energy will then be dissipated 
in the resistor, but voltage and current reversal will be avoided. 

Add a series resistor to increase the impedance of the load to that of 

c. "Crowbar" the line with a switch and dummy load at the appropriate 
time in the discharge cycle. Less energy is lost by this technique, but the 
electrical system becomes more complex. 

d. Accept the damped ringdown pattern of current and voltage reversals. 

While one of these techniques may suffice for a particular type of laboratory exper- 
iment, it seems imperative that any space propulsion system operate in a closely matched 
configuration. 

2.2 Capacitors 

The development of serviceable pulsed plasma propulsion systems has been hin- 
dered in the past by a lack of systematic attention to the design and construction of elec- 
trical storage units optimized for this particular application. The requirements on low 
specific mass, low inductance and internal resistance, very high pulse number capability, 
vacuum operation, etc., are largely at odds with classical capacitor concepts and construc- 
tion, and attempts to adapt conventional units to this purpose have typically frustrated the 
preparation of an attractive propulsion package. * Of the little research that has been 
attempted in this direction, most has concerned the reduction of capacitor inductance to 

*The exception would be those applications where specific mass is not a controlling factor, 
such as certain very low power satellite adjustment tasks, where pulsed plasma systems 
have performed well. (4) 
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permit faster rise times, pulse-shaping, and improved energy transfer to low im edance 
discharge loads for laboratory experiments in the microsecond-pulse regime. (2957 

To provide the millisecond pulses indicated for quasi-steady operation, two further 
specifications now must be added to the list of desirable capacitor attributes: very large 
total capacity, and low voltage operation. The construction and deployment of energy stor- 
age units possessing all such desirable properties becomes a major problem even for lab- 
oratory experiments in this realm; for space propulsion systems it may well be the con- 
trolling factor. Investigation of this problem merits at least comparable attention with 
study of the accelerators themselves. 

Capacitors may be broadly classed into four categories, reflecting the nature of 
the insulation between their charge-storing plates; (a) vacuum or  gas gap; (b) liquid 
dielectric; (c) solid or  composite dielectric; (d) chemical or  electrolytic. Of these, 
the first two are rarely used in discharge work because of their large plate spacings and 
correspondingly low energy storage densities. The third class is most commonly employed, 
usually with oil-impregnated kraft paper or mylar as the dielectric, separating aluminum 
foil electrodes. Such units, if properly configured, can have low internal inductance and 

5 resistance, and can be designed to withstand charging voltages up to 10 . Even at these 
high voltages, however, their specific mass and volume are uncomfortably large, as evi- 
denced by the monumental capacitor arrays commonly found at most experimental plasma 
facilities. 

Electrolytic capacitors provide their own dielectric layer by electrochemical oxida- 
tion of the surface of one electrode (anode), adjacent to an electrolytic substance (cathode). 
This layer is so thin, - 
many orders of magnitude greater than the paper dielectric units, but also because of its 
thinness, the layer cannot withstand potentials of more than about 500 V. Even at these 
voltages, however, the specific mass and specific volume of electrolytic capacitors a re  
smaller than the paper units by at least one order of magnitude, and, as discussed above, 
low voltage storage is inherently better suited for the quasi-steady accelerator application. 
That is, the optimum charging voltage and accelerator terminal voltage are commensurate 
for the electrolytics; for the paper capacitors they are not. A paper-capacitor network 

4 5 charged to 10 to 10 V is badly mismatched to its accelerator; if charged to only a few 
hundred volts, its specific mass is completely intolerable. 

m, that the capacitance per unit mass and volume can be 

Notice that the size advantage of electrolytic capacitors becomes more marked in 
cases where it is desired to operate at voltages that a r e  lower than the 500-volt practical 
limit. As voltage is reduced, the energy stored by electrolytic capacitors tends to reduce 
directly with the voltage, instead of with the square of the voltage, as is the case with 
paper capacitors. This is because with reduced voltage electrolytic capacitors operate 
with a thinner insulating layer and therefore have a higher capacitance. This is not pos- 
sible when the minimum commercially available dielectric thickness is reached. 
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Electrolytic capacitors have several fundamental disadvantages which have hereto- 
fore discouraged this type of application. First, they are inherently asymmetric in their 
polarity. Any significant reversal of their electrode voltage dissipates the insulating ox- 
ide layer, and the circuit is shorted. Second, even when properly polarized, they allow 
higher leakage currents than the paper units. Third, because one electrode is an electro- 
lyte, their internal resistance tends to be comparatively high. Finally, at least in elec- 
tronic applications, their reliability and life are normally inferior to paper capacitors. 

Despite their characteristic disadvantages, it seems reasonable to explore the pos- 
sible use of electrolytic capacitors in the quasi-steady accelerator application, first be- 
cause of their desirable high capacity, low voltage properties, and second because there 
appears to have been no systematic attempt to improve this class of capacitor for this par- 
ticular type of service. As will be seen, the immediate benefit of this choice is a far 
simpler, smaller, and less expensive laboratory installation. 

2.3 Propellant Feed 

The second logistical'complication inherent in a quasi-steady propulsion system is 
the preparation and injection of suitably tailored pulses of propellant mass, properly syn- 
chronized with the driving current pulse train. In conventional short-pulse accelerators 
it is well-established that such synchronization, and the details of the ambient propellant 
distribution in the accelerator at discharge initiation, are extremely important to the 
overall thrust efficiency. (6, 7, In such inherently unsteady devices where "snowplow'' 
acceleration processes function on a microsecond time scale, the slightest mismatch in 
spatial and temporal distribution of propellant with the particular acceleration pattern can 
have serious effects on the propellant utilization and dynamic efficiencies. The corre- 
sponding sophistication required of gas injection systems for short-pulse accelerators has 
never been completely attained. 

Operation in the quasi-steady mode should considerably relax these demands on the 
precision of propellant injection. The longer pulse durations allow more slack in the ini- 
tiation and termination of the mass pulse without substantial detriment to the utilization 
efficiency, and the details of the ambient spatial distribution at breakdown are largely 
inconsequential. In the same spirit as the current pattern stabilization criteria (Section 
2.1-a), such transient effects should be absorbed in the bulk of the quasi-steady operation. 
In addition to the relaxed rise-time requirements, an external valve system now must 
operate many times less over a given total impulse operation. 

Nonetheless there remain nontrivial requirements for provision of intermittent 
mass flow pulses, constant over the quasi-steady pulse duration at a rate appropriate to 
the arc current and amplitude, and synchronized with its waveform. For single-pulse 
experiments, well-tailored mass profiles have been provided by a shock tube injector 
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technique,(') but this is clearly inapplicable to multiple pulse operation. For this, one 
must return to high speed mechanical valves, o r  undertake development of more sophisti- 
cated fluid dynamic o r  plasmadynamic flow modulation techniques. 

Since this program is focusing on the use of solid and liquid propellants, it is of 
interest to explore the possibility that the a rc  chamber can be designed to vaporize mate- 
rial at a suitable rate to provide the desired propellant flow during a pulse. Normally, 
conventional plasma jets run with four sources of propellant. The material that is fed 
into the a rc  chamber to act as a propellant is augmented by vapor from the electrodes, 
vapor from insulating material, and entrained ambient gas. It may be attractive to elimi- 
nate the usual gaseous propellants and to operate entirely on materials that are vaporized 
in the a rc  chamber. Low power vacuum arcs have been developed for thruster application 
in both short pulse(4) and steady modes, (89 ') and the ability of high power, steady MPD 
arcs to function in this manner is well-known. (1 0) 

The use of a solid or  liquid propellant can be attractive because materials with 
good storability can be selected and because of the possibility of suitable materials be- 
coming available as waste materials or  discardable hardware. In addition, if the propel- 
lant can double as an electrode o r  an insulator in the arc  chamber, continuous renewal of 
this element may lead to long thruster life. On the other hand, any material that offers 
the above advantages must have a low vapor pressure at normal temperatures in order to 
avoid excessive vaporization between pulses. 

The problem of synchronizing the propellant feed with the arc  current pulse is 
clearly less difficult if the propellant is a solid that can be used as an electrode. Local 
vaporization appears to s tar t  very rapidly when the a rc  is initiated, and to stop equally 
fast at the end of the pulse. However, if the propellant takes the form of an insulating 
material o r  a liquid that must be fed into the a rc  chamber, direct heating by the a rc  is 
more difficult to achieve. The situation must be avoided that requires heating of a signifi- 
cant portion of solid material before propellant vaporization can start  as this would result 
in a serious lag between the a rc  pulse and the propellant pulse. Figure 3 shows one ar- 
rangement that has been used for locating the insulating material so that it will be directly 
heated by the arc. 

Tests have been initiated using solid materials for the propellant. The use of liq- 
uids appears to be more difficult and is still being studied. It may be feasible to feed a 
liquid through a porous tungsten electrode in a manner that results in vaporization of the 
liquid as soon as the arc  is initiated. This would be easier to accomplish with a conduct- 
ing material such as mercury or an alkali metal, since the a rc  could strike directly on 
the liquid, and would tend to migrate to parts of the electrode with filled pores. However, 
it may also be feasible to use a nonconducting liquid such as vacuum oil. Notice that the 
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Figure 3. Cross Section of Vacuum Arc  Accelerator 

propellant expended per pulse is no more than one or two milligrams, and it is not antici- 
pated that much of the porous material will be emptied during a pulse. A critical aspect 
of the problem is that the pores should be filled with liquid at the beginning of the pulse to 
provide evaporative cooling for all parts of the porous tungsten when the a rc  is initiated. 
However, the liquid should not flow through the pores and drip from the electrode between 
pulses e Unfortunately, a random pore geometry with uniform wetting properties would 
result in flow through the pores if enough pressure were applied to cause filling of the 
pores. Possible solutions include control of the feed pressure so that the flow of propel- 
lant is only slightly more than the evaporation rate, and the development of porous elec- 
trodes with constrictions in the pores near the electrode surface so that surface tension 
effects would prevent further flow of liquid. The latter arrangement would require a non- 
wetting combination. Experimental work with liquid propellants is being delayed until a 
method can be found to avoid contamination of the test chamber and vacuum system by mer- 
cury and alkali metal propellants. 

During this program tests have been initiated for  studying the erosion of electrodes 
of various materials and geometries when exposed to a long series of pulses. Figure 4 
shows five cathodes of various materials which had identical dimensions initially and 
were tested for identical duty cycles. The much more rapid erosion rate evident for the 
aluminum cathode suggests that a wide range of vaporization rates may be readily obtain- 
able by varying the electrode design. Some of the material is usually discharged as par- 
ticles as  well as vapor, as evidenced by visible sparks in the plume. This effect is, of 
course, detrimental to performance since the particles are ejected at velocities that are 
much lower than the average. It is not known at present what fraction of the mass flow 
comes off in the form of solid particles. 

Figure 5 shows five anodes of various materials which had identical dimensions 
initially and were tested for identical duty cycles. These electrodes were used in a 



Figure 4. Comparative Erosion Tests of Five Cathodes 

Figure 5. Comparative Erosion Tests of Five Anodes 
(Used in Reverse Polarity Configurations) 
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thruster with reverse polarity, Although the electrodes exhibit rather extensive thermal 
distortion, the net loss of material is surprisingly low (much less than was noted for cath- 
odes of similar design). This is contrary to expectations because the anode f a l l  region 
loss is considerably larger than that for the cathode, and it was anticipated that an increase 
rate of vaporization would follow, Presumably, the anode a rc  foot is enough more diffuse 
to more than offset the increased heating rate. Another unexpected result was the peculiar 
deformations observed in the metal anodes. The low temperature materials appear to 
mushroom at their ends, while the higher temperature materials seem to bulge in the 
center. Since electromagnetic forces would be in the direction to pinch o r  stretch the 
electrode rather than to cause it to bulge, it is assumed that the deformation is caused by 
thermal stresses which arise during repeated pulses. An exception is the portion of the 
self-field thrust force due to higher gas pressure at the end of the center electrode, but 
this force can be no more than a few pounds. Rapid heating of the outer surface of the 
cylindrical electrode would result in compression at the outside and tension at the center, 
and could conceivably result in cracks opening up in the central region after repeated 
cycles. Studies a re  under way to establish the nature of the deformations in greater de- 
tail. It would be interesting to section some of the electrodes in the bulging regions to 
see if internal cracks a re  evident. Much of the electrode surface appears to have been 
molten, and it is possible that the liquid material tends to collect at a favored location. 
However, no explanation has been suggested for upstream migration of the materials, 

An explanation is also lacking so far for the strikingly different behavior of the 
aluminum anode. Aluminum has a thermal diffusivity in between that for copper and mo- 
lybdenum; however, it does have the lowest melting point of the materials used, the low- 
est density, and the highest value of the heat of vaporization (with the exception of graphite). 
Transient heat transfer studies are needed to determine if aluminum would be expected to 
develop a thicker layer of molten metal during a pulse than the other materials. 

The nearly undisturbed condition of the graphite anode is particularly noteworthy. 
Graphite has two unique characteristics; it sublimes, and it has a heat of vaporization 
that is about ten times as large as  that for tungsten. Both properties appear to be advan- 
tageous. While the graphite anode was  in use, no sparks were observed in the plume. 
This suggests that many of the particles observed may originate as liquid droplets car- 
ried away from electrodes that have molten surfaces. 

In considering which materials are preferable for use as propellants to be vapor- 
ized by the arc, it is useful to compare the energy needed to vaporize the material to the 
kinetic energy in the jet. The ratio of these quantities has been plotted as a function of 
specific impulse for a number of propellants in Figure 6. The heat required for vapori- 
zation was calculated starting at 20°C or at the saturated liquid condition, whichever is 
cooler. To avoid the need for a large amount of cooling, it would be desirable to choose 
a propellant that requires an amount of heat nearly equal to the normal electrode heat loss. 

12 



1. 

0, 

0. 

0. 

u aa 
6- 
\ 5: ,o, 
aJ 
N 
.r( 

cd ii 
CF 

0. 

,000 

,500 

200 

100 

050 

020 

0.010 

0.005 

0.002 
200 5 00 1000 2000 5000 10,000 

Isp (seconds) 

Figure 6. Energy Fraction Needed to Vaporize the Propellant 

13 



From this standpoint, propellants such as carbon, lithium or lithium hydride appear most 
suitable if attractive values of specific impulse are  to be obtained. However, other mate- 
rials may be usable if adequate electrode cooling can be provided. Heat transfer studies 
a re  again needed to evaluate the amount of electrode cooling required with different de- 
signs and duty cycles. 

Another property of propellants which has been considered is the energy required 
for ionization of the vaporized material. Some degree of ionization is required for an M 
thruster to operate effectively. Figure 7 shows the ideal energy for ful l  single ionization 
expressed as a ratio of the jet kinetic energy and plotted as a function of specific impulse. 
Notice that the energy required for hydrogen is an order of magnitude higher than for the 
other propellants shown. Since satisfactory MPD thruster performance is obtainable with 
hydrogen, it is concluded that the energy needed for ionization of other propellants does 
not represent a serious loss. 

- 

As an initial step in the evaluation of electrode heat transfer, calculations have 
been made of the temperature in a cylindrical graphite electrode with a constant uniform 
flow of heat suddenly applied at  the end of the rod. A heat flow rate of 788 kw/cm2 was 
assumed. This corresponds to one megawatt applied to a rod one-half inch in diameter. 
It is believed that heating rates this large will be experienced when the 0.2 farad capaci- 
tor bank is put in use. To simplify the analysis, material properties were assumed con- 
stant. Calculated temperature profiles based on Chart 41 of Reference 11 a r e  shown in 
Figure 8. It is seen that, with this high heat flow rate, the surface temperature would be 
high enough for vaporization to start within 36 microseconds, leaving the major portion 
of the pulse for operation with a flow of vapor supplied. However, at  the start of vapori- 
zation, the temperature 0.1 mm below the surface would be essentially undisturbed, This 
very high initial temperature gradient would, of course, be accompanied by extremely 
severe thermal stresses, and would undoubtedly result in shattering of the graphite sur- 
face. It appears necessary to preheat the electrodes. This will be obtained automatically 
when the thruster is operated in repetitive pulses. If this were done, vaporization would 
start almost immediately, and cooling would be provided primarily by ablation. 

2.4 Initial erformance Measurements 

The reasoning outlined in the preceding sections led to a series of exploratory ex- 
periments involving a self-field vacuum MPD accelerator driven in a repetitive quasi- 
steady mode by an electrolytic capacitor line. The schematic of the system is the same 
as shown in Figure 2. The accelerator is mounted on the end wall of a large fiberglass 

0 feet ldng by 8 feet in diameter, capable of evacuation to less than 10- 
a rc  head itself is a coaxial assembly of an annular copper anode, a teflon 

insulator, an annular copper cathode, and a conical-tipped tungsten trigger electrode 

6 
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arranged as shown in Figure 3. The trigger electrode is energized by a 20 kV signal 
from the pulse transformer circuit which initiates a small discharge whose function is to 
provide sufficient ionization for the main gap to break down a t  the low line voltage. 

The main pulse line for the initial test was constructed from twenty electrolytic 
capacitors, rated 1000 pfd x 450 V each (Sprague Model 6626), connected by suitable in- 
ductors which are selected by trial and er ror  after initial estimate. In one configuration, 
for example, these inductors are simply three-turn coils, 3 inches in diameter, of heavy 
insulated copper wire 1/8 x 1/4 inch cross section, comprising about 5 x lo-' H each, 
When these are uged at every station of the line, its nominal impedance is about 0.022 
ohm, and its pulse length about 900 fisec. 

In actual operation, the internal resistance of the capacitors, and to a lesser ex- 
tent the inductors, is sufficient to distort the pulse substantially from the desired rectan- 
gular shape (Figure Sa). This tendency may be remedied empirically by lowering the inter- 
station inductance of the units farthest from the load. For example, Figure 9b shows the 
pulse shape obtained when the first eight sections of the line contain the three-loop induc- 
tors mentioned above and the last twelve are connected directly with 2-inch lengths of 
1/2 x 1/32 inch brass strip. This particular pulse has a tolerably fast rise time of about 
100 psec, and a useful flat portion of nearly 500 psec before beginning its slow decay. 
The line configuration producing this pulse, shown in the photograph of Figure 10, is that 
used for most of the initial experiments. 

From the simultaneous a rc  current and voltage traces shown in Figure 9b we can 
already deduce certain properties of the discharge. First, when the current is steady, 
the voltage is steady, an excellent indication that the current pattern in the accelerator 
is stationary and that the device has attained quasi-steady operation. The terminal im- 
pedance of the accelerator during this period, 85 V f 16,000 A FJ 0.005 0, is in the 
typical MPD range. Note that despite the mismatch between this value and the nominal 
line impedance, the current does not reverse, but damps to zero monatonically. Further- 
more, with the moderate values of inductance used in this test, the voltage does not re- 
verse, but retains a positive "set" of some 35 volts after the current has subsided. It 
is not clear whether these effects derive from the unipolarity of the electrolytic capacitors, 
or  from the characteristics of the vacuum arc, or  both. Subsequent tests with increased 
inductance to lengthen the pulse do show some voltage reversal in the tail-off region (Fig- 
ure 11). The study of this effect is complicated by the tendency of the electrolytic capac- 
itors to prevent current reversals. The analysis will be presented in a later report. 

Repetitive operation of the system described above is limited by the capacity of 
the charging circuit, and by resistive heating of the line inductors. The available recti- 
fier bank is capable of returning the capacitor line to 450 volts in one second, so that re- 
petitive operation can be triggered at rates up to once per second. Since the pulse power 
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. .  
is about 1.4 mw for one msec, this corresponds to operation at  a mean power level of 
about 1.4 kw. Figure 12 shows an overlay of current waveform for ten successive pulses, 
which indicates the reproducibility of circuit and a rc  operation. 

After the accelerator had been fired 500 times in this manner, it was dissembled, 
and its components weighed with the following results: 

Net mass loss of anode (copper) 
Net mass loss of cathode (copper) 
Net mass loss of insulator (teflon) 
Net mass loss of trigger electrode 

0.33 gm 
0.77 gm 
1.30 gm 

---- (tungs ten) - 
Total mass loss 2.45 gm 

Average mass loss per pulse 
Average rate of mass loss during pulse - 5.0 gm/sec 

- 0.005 gm 

Figure 13 is a photograph of the thruster components after dissembly. Note the asym- 
metries in the erosion patterns on the cathode and insulator. 

The computed value of the average rate of mass loss during a current pulse may 
not accurately reflect the true quasi-steady level of mass utilization by the accelerator 
because of its observed tendency to eject large solid particles sporadically. Figure 14 
is a photograph of the luminous exhaust pattern downstream of the anode orifice which 
shows trajectories of several heavy particles sprayed from the accelerator. 

At present, work on the pulse generating network is concentrating on configura- 
tions with reduced resistive loss. An effort is being made to retain the desired pulse 
shape while reducing resistive heating without introducing a ringing condition that could 
be harmful to the capacitors. The experimental work is being done using the thruster 
a rc  to load the circuit so that the behavior of the circuit with the actual a rc  impedance 
variation is determined. A large range of inductance coils have been constructed to per- 
mit the circuit characteristics to be changed experimentally. Figure 15 shows a family 
of coils that can be connected to the network with inductance varying from 0.2 to 4.0 
microhenrys. In addition, a rail and slide arrangement has been devised (Figure 16) to 
permit a continuous adjustment of the inductance of each section of the network. A differ- 
ent type of circuit behavior may be obtained by deliberately choosing an arrangement of 
coils that produces large values for the mutual inductances. Figure 17 shows a coil con- 
structed for this purpose. The large coil can be nested around a row of capacitors with 
each capacitor connecting to a different tap on the coil. The effective result is a series 
of coils with the mutual inductances essentially equal to the self inductance of each coil. 
Figure 11 shows variations in the current and voltage profiles obtained by changing the 
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Figure 12. Ten-Pulse Overlay of Current Profile During Repetitive Operation 

Figure 13. Photograph of Accelerator Components After 500 Pulses 
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Figure 14. Exhaust of Quasi-Steady Vacuum Arc 

Figure 15. Family of Coils of Varying Inductance Used for the 
Experimental Development of the Pulse Generating Network 
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Figure 16. Rail and Slide Arrangement for Varying the Inductance of 
Sections of the Pulse Generating Network 

Figure 17. Coil Series Designed for Large Mutual Inductance 
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network parameters. The final trace pictured shows a region of nearly constant current 
lasting for one millisecond. 

To obtain an indication of the exhaust velocity produced by the accelerator, a pair 
of electrostatic double probes, each biased by the circuit sketched in Figure 18, are 
placed at the far end of the vacuum tank at distances of 6.00 and 7.22 meters from the 
anode orifice. Figure 19 shows several of the probes installed in the test chamber while 
Figure 20 shows a close-up of the active end of one of the instruments. The probes can 
be moved in and out to give readings at any desired radius. The theory and operation of 
such probes are described in detail elsewhere;(13) briefly, when overrun by the burst of 
exhaust plasma, each probe circuit passes a signal proportional to the positive ion cur- 
rent to the more negative probe element. These ion current signatures bear character- 
istic features which can be identified on both probe circuits with separation times indica- 
tive of the prevailing plasma velocity. In this manner it is determined that the portion of 
the plasma accelerated during the quasi-steady portion of the pulse propagates down the 
tank centerline at about 15,000 m/sec. No attempt has yet been made to survey other 
portions of the exhaust plume, or to carry out a parametric survey of exhaust velocity 
as a function of arc parameters. 

- VELOCITY PIEOBE - 

80 V 

SCOPE 
(D. C. input) 

Figure 18. Velocity Probe Circuit 

In addition to indicating that the accelerator is operating in an interesting range of 
specific impulse, this observed speed, combined with the admittedly questionable mass 
flow rate computed above, corresponds to a pulse thrust of about 75 newtons. For com- 
parison, the classical self-field MPD relation (14) 

F = - P J2 [In(?)+ 3 
4n 

predicts, for J = 16,000 A and ra/rc = 2, a thrust of about 37 newtons. The exhaust 
beam power corresponding to the measured values is about 0.56 mw, which would indi- 
cate a thrust efficiency of some 40 percent. 
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Figure 19. Velocity Probes Installed in the Test Chamber 

Figure 20. Electrode End of an Electrostatic Double Probe 
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In testing quasi-steady thrusters which use vaporized materials from the a rc  cham- 
ber for propellant, it is necessary to make frequent inspections of the electrodes and in- 
sulators, and to weigh these parts to determine erosion patterns and propellant consump- 
tion rates. In a conventional vacuum system this would require hours of pumpdown time 
because it would be necessary to release the vacuum in the chamber following each test 
in order to remove the thruster. However, the insulated tank used for these tests has a 
system for removing the thruster without releasing the vacuum in the chamber. The 
thruster is mounted on the end of a probe which can be inserted through a valved port in 
the chamber wall. An "0" ring seal in h e  port prevents leakage after the valve is opened. 
Figure 21 shows the valved port with the probe in place. A cable and winch is used to with- 
draw the probe against the force due to atmospheric pressure. 

Figure 21. Valved Port for Introduction and Removal of the Thruster 
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3.0 F 

3. a easurement of 

An evaluation has been made of several methods of measuring 
duced during a pulse, and some experiments have been conducted usin 
sion of a torsional ballistic pendulum. As a result of t is work, it ha 
the torsional ballistic pendulum is most suitable for the immediate needs of the program. 
Some of the analysis involved is presented in the pages that follow. 

Although measurements giving the shape of the thrust pulses would be useful, there 
are some difficulties associated with obtaining good accuracy in the measurement of in- 
stantaneous thrust with plasma jets of this type. Rather than to undertake the develop- 
ment of such a thrust stand at this time, it appears preferable to conduct tests using a 
simple torsional type ballistic pendulum to accurately measure the total impulse produced 
by a series of pulses. This will permit overall performance figures for quasi-steady 
plasma accelerators to be available within a relatively short time period. A thrust plate 
is not considered satisfactory for this application because of uncertainties due to rapid 
spreading of the jet and circulation patterns stirred up in the test chamber. 
it is planned to mount the thruster with related equipment and connecting leads directly 
on the thrust stand. An experimental system of this type has been constructed, and tests 
a re  being conducted to establish requirements for the final design. 

3. Difficulties Associated with Measurement of the Pulse Shape 

A commonly used and very successful technique for measuring short thrust pulses 
involves the use of a solid state load cell directly coupled to the thruster to form a light 
rigid system. This type of load cell has an exceptionally high spring constant, and if the 
thruster can be kept light and the connecting structure rigid, high natural frequencies are  
possible. However, a number of problems would have to be solved in applying this tech- 
nique to the type of thruster being considered. 

1. 
(20,000 amps in a typic his means that if the thruster alone 
were mounted on the load cell, heavy connecting leads would be required. 
These leads would have their own set of natural frequencies and would 
generally be subject to strong electromagnetic interaction forces. 
the other hand, if  the power conditioning system were mounted w 
thruster as a unit, the added weight would reduce the primary natur 
frequency, and the natural frequencies of many components woul 
added to the system. 

Very high currents must be supplied momentarily to the 



2. The expected pulse duration period of one millisecond is short enough 
to require special circuitry. As an example, consider the use of a Bytrex 
Model JP-500 load cell which has a capacity of 500 pounds and a spring ’ 
constant of about 500,000 pounds per inch. This unit could conceivably 
be derated to operate with a 10-pound thrust load and still provide an 
adequate output signal. With a total engine system weighing 120 pounds 
attached to this load cell, the natural frequency would be about 202 cycles 
per second, while with a 12-pound thruster alone the natural frequency 
would increase to about 638 cycles per second. In both cases, the natu- 
ral frequency is too low to permit direct measurements to be made. 
Circuitry is on the market for  correcting signals of this type to allow 
for the natural frequency and damping characteristics of the structure 
in the thrust stand. Successful use has been made of this equipment in 
cases where the desired frequency response is an order of magnitude 
higher than structural natural frequencies. However, a certain amount 
of skill is required in adjusting the circuitry to match actual system char- 
acteristics, and the task of designing and adjusting the equipment becomes 
more difficult as the number of critical vibratory modes is increased. 

3. The presence of a strong current pulse can result in a serious elec- 
tromagnetic interference problem, particularly when weak signals a re  in- 
volved as is the case when a load cell is derated in order to make use of a 
unit with a high natural frequency. The arc  must be open on the nozzle side, 
and clearly cannot be completely shielded. It is also difficult to provide a 
completely coaxial lead system all the way to the electrodes, and the load 
cell must be located close to the thruster to permit the design of a rigid 
structure. Exceptionally good shielding would therefore be required for 
the load cell and its leads. 

4. 
is required in measuring small thrust forces. The problem is increased 
by the presence of reciprocating vacuum pumps in the vicinity of the test 
chamber, and by the large mass of the experimental engine system, It is 
anticipated that a large seismic mass mounted inside the test chamber on 
a soft suspension system might be required to eliminate this type of signal 
error.  

Ambient vibrations are normally a problem whenever rapid response 

3.3 A Torsional Ballistic Pendulum 

This type of instrument consists of a rotating platform suspended by a vertical 
wire  at its pivot axis. Total impulse is determined by measuring the maximum rotary 

, 
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displacement following an a ~ p l i ~ a t i ~ n  of thrust to the pl 
The device appears to be we 
of pulses produced by quasi-s rusters, The rotating platlor 
large weight without much reduction in sensitivity, and so the instrument can be designed 
with the complete 
This is an important advantage because the current flow to the pla 
to that needed for recharging the condensers, and relatively small 
Exceptionally high sensitivity can y keeping the torsio 
the supporting wire low. Auxiliar 
rotary displacement of the platfor 
ing which can be energized to stop the movement between readings, careful 
flexible electrical leads to supply power and contro 
closure to protect the platform from aerodynamic di 
normally used to measure a single brief impulse 
rather than a series of pulses distributed over a 
therefore in order regarding how the instrument 
impulse applied, the angular displacement of the 
pulse applied by equating the initial kinetic energy in the platform to the final energy . 

stored in the torsion wire. 
momentum considerations: 

gential dire etion, 
suring the impulse associated with a series 

er conditioning system mounted on the platform with the thruster. 

ill include a system for measuring the 
gnetic damper with near-critical damp- 

orm, and an en- 
endulums are  

m initially at rest 

case with a single 

e first find the initial angular velocity of the pla 

hen, equating energies, 

ving for the sens~t ivi ty~ 

his relation shows t at sensitivity can e increased by increasing the radius at 
thrust acts, by decreasing 

ng constant of th 
oment of inertia of the platform, OS by re 

mewhat different response occurs which de- 
cope traces of the cur ent and voltage sug- 

e pulses in a series. 
ends on the duration of 

ance is nearly ide 
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If the pulses are uniform and closely spaced, a good approximation may be obtained 
by representing the series with a continuously applied thrust having the same total impulse 
and the same duration. The equation of motion for this model is, 

which corresponds to simple harmonic motion of period 
- 

T = 2 f k  

The phase, amplitude and displacement of the oscillations depend on the initial 
conditions and - the . -  magnitude of the applied thrust force (F). If the platform - . -. __ is . initially 
-at rest and time is measured from-the first application of thrust, the solution becomes, 

8 = k [l -cos (Et)]  = 

At the end of the pulse (time to) 

and ($1 = Tk 2n  Fr s in  

These last two quantities are the initial conditions for  the remaining motion of the platform 
as it coasts to the maximum displacement condition with F = 0 .  The solution for this part 
of the motion is a sine wave centered about zero with a phase shift, and takes the form, 

Substituting the initial conditions, 

k 

- 2a Fr sin(2n:) = - 
T k  

Solving for  the constant, emax 
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This quantity is equal to the maximum angular displacement of 
expressed as a ratio of the displacement that would result from an instantaneous thrust 
pulse of the same total impulse by using equations ( IO)  and (If). 

- 5max - 
emax impulse 

but if, Fto  = It 

- emax - 
emax impulse 

This quantity may be considered as a correction factor to be applied to displacement read- 
ings so that all readings a re  equivalent and correspond to the value that would be obtained 
with an instantaneous impulse. It is applicable for series durations up to one-half of the 
natural period of the pendulum. For short durations, the factor may be approximated by 
the simpler relation, 

5max = I -  (tQ/TP (13) 5max impulse 6 

For series durations greater 
very close to twice the static 
total impulse. 

than half of the natural period, the maximum deflection is 
deflection that would occur with a.uniform force of equal 

- 2 Fr 
Qmax - - k 

his forms a h erbolic curve that fairs into the relation given by equation 
useful relation when it is desired to find the average impulse associated wi 
of pulses. If the duration exceeds half of the period, there is no need to determine the 
time ratio and to find a correction factor. 
case by combining equations (10) and (14) 

he average i se can be obtained for this 
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n = ft,, at the end of the series of pulses, 

total 4 - - @,ax single pulse It = n 

(15) k single pulse It = - rf 

which is independent of the duration of the series and of the moment of inertia of the plat- 
form. However, a knowledge of the platform spring constant is required. The Correction 
factor, which is given by equations (12) and (14), is plotted in inverse form in Figure 22. 

Impulse = (correction factor) \IIk emax 
2.0 

1.8 

1.6 

r: 
0 

0 
0 
k 
k 
0 u 

3 1 . 4  

1.2 

1.0 

0.8 

T -  pulse series duration 
Tp natural period of pendulum 
- -  

Figure 22. Correction Factor to be Applied to the flection of a Torsional 
Ballistic Pendulum when a Series of Pulses are Applied 
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3 . 4  

source of e r ror  that has not iscussed is that caused by othe 
atform swinging as 

a pendulum as well as rotating in torsi enerally, the more sensitive the device is in 
torsion, the smaller the error  
due to swinging is always less percent of the dis aeement due to rotation (and in 
many operating conditions much less). The swinging frequency will be between one and 

o orders of magnitude higher than the torsional frequency making it probable that the 
higher frequency signal can be identifie al~owed for. Swinging could be limited by 
using a pair of thrusters or by restraining the movement of the atform to rotation alone. 
The latter approach would introduce other difficulties and would probably require that the 
base be accurately leveled (remotely) to allow for distortion of the vacuum chamber. This 
added complication is not believed to be justified at present. 

es of the platform. ication of an impulse 

configuration, the 

Tests with a model torsional pendulum (described in the next section) have shown 
that another type of secondary motidn can be of some importance. This is a rotational 
movement about the longitudinal axis of the beam due to the fact that the impulse is not 
applied at the center of percussion. 
at a vertical position in line with the center of percussion (determined with respect to the 
pivot point of the pendulum). For the model pendul configuration this would be about 
0.23 inch below the center of gravity of the beam. ever, since the center of gravity 
of all of the equipment mounted on the beam would be laborious to determine, a better 
approach might be one that makes use of the fact that the center of percussion for a pen- 
dulum occurs at a distance below the pivot axis equal to the effective length of the pendu- 
lum. This distance is readily found by measuring the period of the pendulum and using 

his effect could be avoided by mounting the thruster 

the expression; 

,teffe c tive 

he measured seconds which 

- - 

gives an effective length of 5 .63 inches and 
ocates the center of percussion 1.78 inches bel the t ~ p  of the bus bars that connect 

oach for the model tor- 
which must bend in the 

ndulum swings. The member is very limber in torsion, but 
t the location of the effective t axis in swinging is uncer- 

cation of the center of p e r c ~ s ~ o n  should be 1 
it is considered desirable to locate the cen- 

ssion for the final design, it would be advantageous to provide a mount at the 
rsion member t 

rs.. There is a difficulty involved in using this 
e r  is a thin strip of e torsional me 

than given by the above 
for this stiffening effect. 

rovides a definite pivot axis location for  the swinging 
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If it is impractical to locate the thruster at the same height as the center of per- 
cussion, the effect of the secondary motion can be minimized by locating the scale for 
measuring angular deflection at that height. In either case, however, the swinging action 
referred to earlier would not be eliminated. It may be desirable to devise a measuring 
system that is sensitive only to rotary motion. This could be done by using a pair of dis- 
placement transducers on opposite sides of the pivot axis arranged so  that their signals 
add for a rotary displacement and cancel for a swinging movement (as suggested in Refer- 
ence 15). Alternately, if the reading is taken visually, a mirror mounted on the beam 
could be used to deflect an optical path. 

3.5 Experience With a Working Thrust Stand Model 

Figure 23 shows a torsional ballistic pendulum that was constructed to determine 
operating characteristics and gain experience with this type of instrument. The construc- 
tion used is not suitable for installation on a vacuum chamber, but a number of useful 
tests can be performed in normal ambient air. 

The beam is supported from above its center of gravity by a thin vertical str ip of 
steel that provides a low torsional spring constant. The arrangement permits the tor- 
sional member to be easily adjusted o r  modified. The thruster is at one end of the beam 
(Figure 24), and a graduated scale for measuring the maximum displacement is at the 
other end (Figure 25). The beam supports the complete engine system including the ca- 
pacitor bank and the circuit for triggering the a rc  discharge. As a consequence, the only 
connecting leads required a re  those for  charging the capacitors and controlling the trigger- 
ing circuit, and these a r e  provided by a loop of flexible cable connecting to the underside 
of the beam. A plywood enclosure surrounds the instrument and reduces the effect of air 
current on the reading. A latch for holding the beam in its neutral position until a pulse 
is to be applied is provided at the end of the beam as shown in Figure 25. It can be ad- 
justed, engaged, and released from outside of the enclosure. A mechanical latch was 
chosen in preference to a liquid or  electromagnetic damper because it appears to be eas- 
ier  to design a mechanical device that will be free of interaction effects during the pulse 
and can be released without disturbing the beam. The moving part of the latch is mounted 
on a stationary base and fits into a slot on the beam which provides a small clearance 
even with the latch fully engaged. When the device is engaged, the sides of the slot bounce 
off the latch repeatedly until the energy due to movement of the beam is dissipated. The 
latch position is adjusted with a threaded screw arrangement so that it is centered in the 
slot when the beam comes to rest. The latch can then be released without disturbing the 
beam. When the thruster is operated, the action of the a rc  expells air and vaporized 
material which produces a thrust pulse for checking out the performance of the instru- 
ment. 
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Figure 25, Graduated Scde and Latch of the Working Thrust Stand 

3.6 Thruster Tests in  Air 

To check performance of the torsional pendulum with a thruster in operation, 
measurements were made with the thruster pulsed in air. The instrument appeared to 
perform properly, and no unusual or  unexpected behavior was noted. Since the effective 
propellant mass cannot be estimated, overall performance cannot be calculated for this 
case. However, a beam deflection of 4.5 degrees was noted for a single pulse with a 
28, 800 microfarad condenser bank charged to an initial value of 450 volts. Using the cali- 
bration constant found as described in the Appendix, the impulse for this case is found to 
be 6380 dyne seconds. Figure 26 shows efficiency versus specific impulse for a range of 
assumed values for the propellant mass. The efficiency shown includes circuit 
well as thruster losses. There are about 6.73 milligrams of air contained in the arc 
chamber initially. Lf we neglect vaporized solids and entrained ambient gas and use this 
value for the propellant mass, we obtain a specific impulse of 9'10 seconds with an overall 
efficiency of 0.208. 
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3. An Instrument for Use in the Vacuum Chamber 

he experience gained with the working thrust stand model is being applied to the 
construction of an instrument that will be suitable for use in the vacuum chamber. Fig- 
ure 27 shows the beam partially assembled. A pressurized gas tight enclosure houses 
the pulse generating circuit and prevents excessive evaporation of the electrolyte in the 
capacitors. The arrangement shown can accommodate six rows of ten capacitors each 
to provide a total capacitance as high as 60,000 microfarads. Subsequently, space will 
be provided for stepped increases in capacity to a maximum of 200,000 microfarads. The 
assembly will be suspended by a torsional member from the circular yoke which surrounds 
the enclosure. 

The thruster is mounted on one of the end plates of the enclosure and is held in 
place by three socket head machine screws. When these screws are tightened, three elec- 
trical contacts are made in the thruster mounting base to provide current for the a rc  and 
for the a r c  starting circuit. Removal of the screws leaves the thruster free for removal 
from the thrust stand. A system has been devised for loosening the three screws, remov- 
ing the thruster from the thrust stand, and withdrawing the thruster from the vacuum 
chamber through a valved port without releasing the vacuum in the test chamber. The 
hardware to accomplish this is shown in  Figures 28 through 30. Figure 28 shows the 
probe that can be introduced into the test chamber through the valved port previously 
described (see Figure 21). The probe is provided with four manipulating rods which pass 
through it lengthwise. The rods can be rotated and moved axially through "0'' ring seals. 
Three of the rods have hexagonal ends arranged for  wrenching the socket head screws, 
while the fourth (center) rod has a threaded end which screws into the thruster base and 
holds the thruster on the probe. Figure 29 shows the thruster mounted on the end of the 
probe ready to be introduced into the chamber, while Figure 30 shows the opposite end of 
the probe with the manipulating handles visible. 

The importance of being able to easily remove the thruster without losing vacuum 
is evident when we consider that the propellant for  most of the tests is to be provided by 
vaporization of materials contained as an integral part of the thruster. Information on 
the rate of propellant expenditure and on erosion patterns on the a rc  chamber parts is 
obtained only when the thruster is removed for  examination and weighing. The thruster 
must therefore be removed before and after each test point for  which overall performance 

sulated test chamber, the loss of vacuum following each test point would put an intolerable 

is to determine performance with ambient gas effects minimized, which requires 
est possible vacuum be maintained at all times. 

ained. Since it can take many hours to thoroughly evacuate and outgas the large in- 

it on the amount of data that could be obtained. Furthermore, one of the goals of the 
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Figure 27. Torsional Ballistic Pendulum for Use in the Vacuum Chamber 

robe for Installing the Thruster Without Releasing Vacuum 
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Figure 29. Thruster Attached to the Manipulating Probe 

igure 30. Handles for Mounting or Releasing the Thruster 
in the Vacuum Chamber 
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3.8 Spectroscopic Observations of the Plume 

Spectrographs of the plume have been made using a Bauseh and Lomb 1.5-meter 
grating spectrograph. The instrument has been adapted for this purpose by adding a f ix-  
ture at the focal plane for mounting a 4 by 5 Polaroid film holder (Figure 31). The entire 
field can be photographed by shifting the film holder position in three horizontal steps. 
Polaroid film is used so that the Polaroid Type 57 film with a speed of 3000 a. s. a. may 
be utilized. Even with the high film speed, it is necessary to expose the film during 10 
to 100 repetitive pulses with a slit opening between 10 and 60 microns to get an adequate 
exposure. A quartz lens system has been provided to permit lines in the ultraviolet range 
to be detected. However, a Pyrex window is still being used in the vacuum chamber which 
at present limits observations to wavelengths above 2500 angstroms. 

Another modification involves the addition of a rotatable mounting frame with a bear- 
ing axis that coincides with the center of the incoming light path. By rotating the instru- 
ment through 90 degrees as shown in Figure 32, the slit can be made either horizontal or  
vertical. Photographs with the slit vertical give an indication of how the composition of 
the gas in the plume varies with radius, while photographs with the slit horizontal show 
how the composition of the gas varies with axial position in the plume. Changes in the 
strength of spectral lines along their length a re  used in determining these variations. 

Figure 33 shows spectrographs obtained with several different materials used for 
the electrodes. These include aluminum, copper, molybdenum, tungsten, and graphite, 
As expected, there is a change in the lines when the electrode material is changed. How- 
ever, some lines persist regardless of the electrode material showing that the plume con- 
tains significant quantities of other materials besides electrode vapor. The photographs 
are still being analyzed. This result suggests that spectrographs be taken with other 
materials substituted for the insulator in the thruster and with various gases substituted 
for the ambient gas in the vacuum chamber to establish the source of the remaining lines. 

There is also interest in determining how the composition of the plume varies after 
a pulse is initiated, as this would give an indication of how rapidly various components of 
the thruster start to vaporize. Since the present spectrograph is a rather slow instrument, 
this data could only be obtained by using a high speed shutter synchronized with the repeat- 
ing pulses o r  by rapidly moving the image with respect to the film (as is done in time re- 
solved spectrographs) in a manner that repeats for a long series of pulses. The use of a 
faster instrument with a more efficient optical system is also being considered as this 
might, in the long run, result in a saving in both time and cost. 

Spectrographs obtained using repeated exposures during successive pulses show that 
the lines remain relatively sharp and that repeatable results a re  obtained using this tech- 
nique. This implies that the variation of the spectrograph with time during a pulse is also 
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Figure 31. Film Holder Fixture for the Spectrograph 

Figure 32. Arrangement for Rotating the Spectrograph Through 90" 
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Figure 33. Spectrographs of the Plume 
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he major results of the work described in this report are listed below, 

1. It has been demonstrated that MPD thrusters can be operated in the quasi- 
steady mode using electrode and insulator vapor for the propellant. Initial meas- 
urements suggest that the performance is in an attractive range, but a final 
evaluation must be delayed until the thrust stand is put in operation. 

2. A constant current discharge of reasonable duration can be obtained using 
a pulse generating network of electrolytic capacitors. It has been shown that the 
adverse effect of the high resistance of this type of capacitor can be overcome 
by the proper design of the network, to the extent that useful test programs can 
be performed. 

3. 
of the thruster during pulsed operation. This is shown by initial transient heat 
transfer calculations and confirmed by observed distortion in the electrodes. 
The solid particles that are observed in the jet are also believed to result from 
high thermal stresses in some cases. More refined transient heat transfer 
studies are needed to point out design changes that will reduce o r  eliminate 
this cause of erosion. 

There is evidence that thermal stresses are too high in some components 

4; 
able range by a proper choice of propellant and of electrode geometry. More 
refined transient heat transfer studies are again needed to assess propellant 
vaporization rates with different propellants and different a r c  chamber designs. 

It appears to be feasible to control the specific impulse withip a reasun- 

5. The ability to accurately measure total impulse during a thrust pulse of 
the order of one millisecond duration has been demonstrated using a torsional 

istic pendulum. It should now be possible to determine the overall perfor- 
mance of quasi-steady MPD thrusters. 

6. spectrograph has been used for identifying elements in the plume, and 
results show that the jet includes significant quantities of other materials than 

vapors. Further work is required to identify the source of this ma- 
terial. It is believed that more refined techniques and equipment will permit 

uation of the relative concentration of elements in the jet as a function 
of position in the plume and time elapsed from initiation of a pulse. 
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CALIBRAT UST STAND 

The sensitivity of the instrument depends on the torsional spring constant and the 
moment of inertia of the beam. A calibration can therefore be made by determining these 
two quantities as well as by measuring the response to a known impulse. It follows that 
there are several satisfactory methods for performing a calibration. 

1. Calibration Using a Steel Ball Rolling Down a Tube 

In one of three calibration systems now in use, a known impulse is applied by 
allowing a hardened steel ball to roll down an inclined quartz glass tube arranged so that 
the ball strikes a vertical plate attached to the beam at the same radius as the thruster. 
The use of a quartz tube and a hardened steel ball result in negligible energy loss as the 
ball rolls down the tube. The horizontal component of the velocity of the ball may there- 
fore be expressed; 

Vh = cos cy 

where the factor 2/ 10 is the ratio of the radius of gyration to the outer radius of a solid 
sphere, and the factor in parenthesis is the fraction of the total kinetic energy (transla- 
tional and rotational) that appears in translational form. The impulse applied to the beam 
is equal to the change in momentum experienced by the ball; 

impulse = mVh (1 + e) 

where e is the coefficient of restitution for the impact between the ball and the plate. In 
a sample calibration, a tube with a vertical drop (h) of 7.68 inches and an angle of incli- 
nation (a) of 19.2 degrees was used. The corresponding horizontal component of velocity 
is 64.0 inches per second. The coefficient of restitution (e) was estimated to be 0.800 
by measuring the height of bounce with the plate horizontal. For a mass (m) of 8.4 
grams, the corresponding impulse is 0.0215 pound seconds. The measured displacement 
for the case was 9 millimeters, giving 

lb sec calibration factor = 0.00239 - mm 

with the existing capacitor bank, an impulse of 0.02 lb sec might be expected, resulting 
in a deflection of 8.4 mm for a single pulse. This displacement can be measured with 
sufficient accuracy. 

. Calibration Using a Swinging Steel Ball 

the second method, a known impulse is applied by allowing a swinging steel 
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ball to strike a vertical plate attached to the eam at the same radius as the thruster. 
The ball is suspended by a thread located so that the ball comes to rest nearly touching 
a vertical copper plate mounted on the thruster (see Figure 34). The thread attachment 
point can be adjusted for locating the neutral position of the ball and for accommodating 
different swinging a rm lengths. The ball is drawn back to a position determined by a 
scale located as shown in Figure 35 and allowed to swing against the plate. The coefficient 
of restitution is fairly low for the impact between the ball and the copper plate, so the 
maximum scale reading for the backswing is also measured. We will now derive the ex- 
pressions needed for calculating the impulse from the two scale readings. Referring to 
Figure 35, the maximum height (h) to which the ball is raised is given by; 

where 

and the potential energy of the ball and thread is given by; 

potential energy = h g  [ mbdl + (l- mthread] 

The kinetic energy of the ball and the thread just before impact is now written 

u2 KE = - +Ithread) 2 

+ mthread - D'2r)21 
The velocity of the ball just before impact may be found by equating the initial potential 
energy to the final kinetic energy; 

1 - D/2r mthread 

V =  

where the factor in parentheses corrects for the mass of the thread and the rotational 
energy of the ball. The impulse is equal to the momentum change, and is given by; 
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Figure 34. Swinging Steel Ball Used for Calibration 

50 



r 

1 4 

(Reading) Scale 

Figure 35. Configuration of the Swinging Ball Used for 
Calibration of the Torsional Pendulum 
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+ "thread 

Substituting equation (18) 

impulse = mbal  

The factors in brackets correct for the mass of the thread and the rotational momentum 
of the ball. With the configuration used, the correction is less than one percent. When 
the configurat'ion of the swinging ball and the two scale readings are known, the impulse 
may be calculated using equations (16), (17) and (19). Figures for the two configurations 
used are listed below. 

First Second 
Configuration Configuration 

r (inches) 88.060 24.00 
b (inches) 1.103 3.87 

"ball (grams) 27.650 27.65 
"thread (grams) 0.624 0.17 

D (inches) 0.750 0.75 

The data taken and the calculated impulses a re  tabulated below. Coefficients of restitu- 
tion were also calculated to see how consistent the measured value of the quantity is. 

Configuration 

First 
First 
First 
First 
First 
First 
First 
First 

Swinging Ball 
Scale Readings 

(inches) 
First Second 

4.0 2.75 
5.0 3.10 
6.0 4.00 
7.0 4.40 
8.0 4.95 
9.0 5.20 
10.0 5.70 
11.0 6.10 

Impulse Coefficient of 
Restitution %lax 

(degrees) (dyne sec) 

0.60 
0.70 
0.85 
1.08 
1.17 
I. 42 
1.50 
1.70 
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867 
1069 
1353 
1562 
1794 
1980 
2204 
241 1 

0.648 
0.579 
0.636 
0.603 
0.595 
0.554 
0.550 
0.536 



Impulse Coefficient of Swinging Ball 

First Second 
Restitution Configuration Scale Readings 'max 

(inches) (degrees) (dyne sec) 

Second 4.0 2.20 1.45 1771 0.497 
Second 5.0 3.00 1.74 23 59 0.568 
Second 6.0 3.25 1.96 2756 0.515 
Second 7.0 3.95 2.30 3291 0.548 
Second 8.0 4.20 2.65 3668 0.515 
Second 9.0 4.90 2.95 41 79 0.544 
Second 10.0 5.25 3.35 4564 0.532 
Second 11.0 5.30 3.50 4842 0.493 

mese results are plotted in Figure 36 as circles for the first configuration and squares 
fqr the second configuration. The scatter is not considered unreasonable in view of the 
relatively coarse scale used for reading angular deflection of the beam (divisions are at 
one-half degree intervals for the model). The coefficient of restitution is plotted in Fig- 
yre 37. The relatively large scatter shown for this value is probably due, at least in part, 
to the difficulty experienced in accurately reading the maximum scale reading as the ball 
bounces off of the plate (one inch graduations were used, and a quick reading was required 
to egtimste the maximum swing). This explanation seems to be supported by the reduced 
scatter shown in Figurep38 which shows calibration points adjusted for a constant value of 
0.55 for the coefficient of restitution. On the other hand, the low value of the coefficient 
of mestitution, and the tendency of the value to be less at higher impulses suggest that the 
copper is being deformed slightly by the impact of the ball. It is conceivable that the ball 
would bounce differently depending on whether or not it strikes the same spot again. A 
plate of quartz or hardened steel has been substituted for the copper to assure a large and 
constant value for the coefficient of restitution. A more accurate value for the coeffi- 
cient will then be determined by measuring the maximum deflection following a number 
of bounces. 

3. Calibration Using a Gas Jet of Known Thrust 

For small values of impulse, calibration points may be obtained using a small gas 
jet of known thrust force. Use is made of the fact that the thrust force produced by a gas 
jet is relatively constant if a uniform upstream pressure is maintained. The thrust force 
is found by letting the jet impinge on the pan of an analytical balance, following which the 
beqm deflection is measured with the same jet impinging on a vertical surface located at 
the same radius as the thruster. The arrangement is shown in Figure 39. Gas is sup- 
plied to the calibration jet through a pressure regulator to maintain a constant thrust. 
The analytical balance is located beside the test stand to permit the two measurements to 
be made in succession with minimum change in the operating conditions. In addition, it 
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F3gare 36, Calibration of the Torsional Pendulum 
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Figure 37. Measured Coefficient of Restitution for the Swinging 
Ball Calibration Setup 
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Figure 38. Calibration Points Obtained With the Swinging Ball Adjusted 
for a Constant Value of 0.55  for the Coefficient of Restitution 

56 



Figure 39. Arrangement for Calibration With a Gas Jet 
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is necessary to know the natur 
137.5 seconds by timing ten c 
tion factor may be found as fo 

period of the torsional pendulum. This was found to be 
watch. With this information the calibra- 

Using equation (10) 
- - 

But the natural period of the Deam is 

Substituting T k  
It = - emax 2nr  

The spring constant (k) is determined in effect by observing the effect of the jet on the 
beam. If the jet impinges on the thrust platform at the same radius (r) at which the 
thrust acts, and the displacement is measured at radius (R), the torsional spring con- 
stant may be written; 

f r  f r R  k=-=- 
(x'/R) x' 

Substituting in the preceding equation, 

T f r R  
2 n r x  

It = - t 0ma.x 

so 

and 

I t = - x  Tf 
2 n x 9  

f calibration factor = - 
2nx4 

The impulse that corresponds to the measured angular deflection is obtained by multiply- 
ing the calibration factor by x'; 

T 
219. 

equivalent impulse = - f = 21.9 seconds f 

The data obtained is tabulated below. 
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Gas Pressure 
(inches of 

manometer 
fluid) 

0 
1.80 
3.75 
5.30 
7.26 

Equivalent Average Torsional 

(mg) (dynes) (dyne sec) (reading) (change) 

Impulse Pendulum Deflection Jet Force 
(degrees) 

0 0 0 0.06 0 
9 8.8 193 0.15 0.09 

21 20.6 451 0.37 0.31 
35 34.4 753 0.49 0.43 
46 45.1 987 0.73 0.67 

This data is shown as triangular points in Figure 36. The jet calibration method has the 
advantage that it can be readily adapted for use in a vacuum chamber. In addition, the 
beam does not have to be brought to a complete rest between data points since deflection 
can be determined from readings at both ends of a swing, allowing a calibration curve to 
be obtained more rapidly. However, with the present arrangement, the maximum beam 
deflection permissible is limited by the fact that the jet is in a fixed location. Large beam 
deflections result in too large a space between the orifice and the target plate. With this 
condition, the impingement force may be less than the true jet thrust. For this reason, 
other calibration methods were used for the higher values of impulse. 

4. Calibration by Measuring the Period of the Beam With and Without Added 
Weights 

This approach allows the calibration factor to be determined without applying known 
external forces to the beam. The method, in effect, finds the quantities r ,  I and k 
which appear on the right hand side of equation (10). 

The quantity Ik  can be found by measuring the natural period with and without 
the addition to the platform of weights of known moment of inertia, AI .  The natural 
periods can be expressed: 

T i  = 2 n k  and T2 = 2n - E= 
from which expressions for the two unknowns I/k and Auk may be found, 

and 

The expression for the sensitivity may now be written 
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It 

This relation can be used for calibrating the instrument. The quantities r , TI and 
can all be measured with good accuracy, and the moment of inertia (AI) of the added 
weights can be precisely determined if the dimensions and masses of the weights are ac- 
curately known. 

The data obtained for this calibration may also be used for the case with a series 
of pulses which is longer than half of the period of the platform. Using equation (20) 

4 4 A I  
T22 - Ti2 

k =  

and substituting in equation (15) the sensitivity may be written 

emax - rf (T22 - T12) - -  
It 2 4 A I  

( 21) 

Taking the slope of the calibration curve shown in Figure 36, the calibration constant for 
the experimental thrust stand was found to be 1417 dyne seconds per degree of angular 
deflection. With a 20,000 microfarad pulse generating circuit we might expect an impulse 
of about 4500 dyne seconds per pulse o r  an angular deflection of 3.18 degrees (a scale 
movement of 3.9 cm at a radius of 70 cm). This is an adequate movement for accurate 
measurement. 

An observation made during the calibration is that a great deal of care is needed 
to be certain that the beam is accurately nulled and at rest before an impulse is applied, 
Since the natural period of the beam is more than two minutes, an initial movement of the 
beam that would result in a significant e r ror  for the final reading is barely perceptible. 

the latch touches the beam while being released, an appreciable movement can be intro- 
duced. It was found possible to obtain repetitive data by limiting test points to those 
cases for which the beam remained in a sensibly fixed position for thirty seconds after 
release of the latch. This assures that the beam is both accurately nulled and at rest. 
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I 3  ABSTRACT 

The work reported here is concerned primarily with setting up an initial engine sys- 
tem and with developing techniques for measuring performance of MPD arc jets op- 
erating in the quasi-steady mode. This type of operation is obtained by running the 
thruster at a high power level for a pulse period of the order of one millisecond; a 
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